The modification of lignocellulosic fibers can enhance their interaction with other materials and alkaline hydrogen peroxide (AHP) is a reagent widely used to promote such modification. This work aimed to modify oat hulls fibers by reactive extrusion using AHP (7 g 100 g -1 of hulls). The modified oat hulls displayed performances comparable to those observed by other researchers using conventional AHP method (without extrusion). The AHP treated oat hulls showed increased luminosity compared to the extruded ones. Fourier transform infrared spectroscopy showed differences between the modified and unmodified structures. The removal of surface compounds resulted in a more open morphology, with greater surface area and greater porosity. Reactive extrusion can be an alternative method for fiber modification with several advantages, such as short processing time and no wastewater generation.
Introduction
In the last decades, discarded plastic materials are accumulated in the environment, as a consequence of the resistance of polymers derived from petroleum to natural degradation. The substitution by natural or synthetic biodegradable polymers has been extensively studied because they degrade more rapidly compared to traditional polymers. However, the majority of biodegradable polymers (polyhydroxyalkanoates (PHAs), polyhydroxybutyrate (PHB), polylactic acid (PLA), polycaprolactones (PCL)) are higher in cost and possess inferior mechanical properties compared with, for example, high-density polyethylene (HDPE) and low-density polyethylene (LDPE) [1, 2] . Starch, a natural, low-cost polymer from renewable sources, also produces materials with diminished mechanical properties and high moisture sensitivity, even when used in blends with other biodegradable polymers [3] [4] [5] [6] [7] . In this context, natural fibers have been studied as a good alternative for reinforcement being mixed with pure biodegradable polymers or their blends to form composites with reduced environmental impact [8] . Fibers of curaua, jute, sisal, sugarcane, and others have been tested for this purpose [4, [8] [9] [10] [11] [12] [13] [14] [15] .
Oat hulls (a byproduct from the processing of oat grains, rich in fiber) are an interesting option for use as reinforcement in composites. Studies have been conducted with the inclusion of these fibers in trays of cassava starch (produced by extrusion followed by thermoforming) with good results [16] . However, despite their several advantages, such as low cost, easy accessibility and high biodegradability, cellulosic fibers present problems in terms of fiber -matrix adhesion and changes in water absorption, and the mechanical properties of some composites can remain unsatisfactory [17] . Aiming to overcome these limitations, the modification of fibers has been proposed [18] .
To improve the compatibility of natural fibers with polymers, several authors [17, [19] [20] [21] [22] [23] [24] [25] proposed the surface modification of fibers from different sources. These modifications decrease fiber hydrophilicity and/or increase adhesion with the polymer matrix, enhancing the thermal and mechanical properties of the composites. Various reagents are used, including sodium hydroxide (NaOH); NaOH in combination with other reagents, such as hydrogen peroxide (H 2 O 2 ); and hot water with the subsequent addition of neutral detergents.
When alkaline hydrogen peroxide (AHP) is applied to the fiber, the components responsible for its natural color become oxidized (bleaching action) and the hydrolysis of the lignin macromolecule may occurs. The intensity of hydrolysis, as well as the modification degree, are dependent on the reaction conditions [19, 26] .Other reactions include the conversion of lignin phenolic groups in aldehyde, carbonyls and quinones and, in the most dramatic cases, the disruption of aromatic rings [27] . The modification of the fibers is typically achieved by employing conventional reactors, which require long reaction times (up to 48 h) and generate large volumes of effluent [28] . The advantages of using reactive extrusion are a drastic reduction in the reaction time and the lack of effluents. Although corrosion-resistant materials (more expensive) would have to be used in the manufacture of the screw and barrel to protect against possible corrosion caused by the use of chemicals, the process would be recommended. Additionally, reagents not consumed in the reaction and/or degradation products will be present in the modified fiber and may affect, positively or negatively, its future applications.
In a preliminary study, aiming the application in food products, our research group employed reactive extrusion with AHP to modify the fibers of oat hulls [29] . The characterization was limited to the hydration properties of the fibers. Now, looking the possible use of these fibers as reinforcing agents in biodegradable polymeric matrices, this work was carried out in order to promote its modification by a similar process, characterizing the modified fibers in relation to their physical, thermal and microstructural properties.
Materials and Methods

Materials
The fiber source was micronized oat hulls (4.64 g 100 g 
Oat fiber modification
The micronized hulls (250 g) were modified by reactive extrusion with alkaline hydrogen peroxide according Galdeano and Grossmann [29] . Initially, the hulls were conditioned to 32% moisture by adding the required volume of water containing dissolved enough NaOH for the material to reach a pH of 11.5. The conditioned hulls were placed in a sealed polyethylene bag and allowed to equilibrate under refrigeration (7-10 °C) for 24 hours, for moisture balance. Next, the hulls were removed from the refrigerator and allowed to rest for 1 hour to attain the ambient temperature and 34 mL of hydrogen peroxide 200 V (7 g 100 g -1 of hulls) was then added. The material was extruded in a single screw extruder (AX Plasticos, Diadema, Brazil) with D = 1.6 cm, L/D = 40, four heating zones and a 0.8 mm die diameter. The processing temperatures in all zones were maintained at 110 °C, and the screw speed was 100 rpm with constant feeding. These conditions were established from preliminary tests. The steady state was controlled by maintaining constant amperage. After extrusion, the samples were dried (60 °C/24 h) and coarsely ground in a blender (Arno, São Paulo, Brazil) followed by a second ground in a table mill (IKA A-11 Basic Mill -São Paulo -Brazil). To assess the effect of the extrusion process, a sample was processed by the same procedure but without the addition of reagents (sodium hydroxide and hydrogen peroxide). All obtained materials were divided into two equal portions, one of which underwent washing with 10 volumes of distilled water and was then stored in a refrigerator for 6 hours for decantation. Subsequently, the supernatant was discarded, and the remaining material was dried in an oven at 60 °C for 24 h. This wash was performed to assess the removal of compounds that were solubilized by processing without using large amounts of water, as used in traditional processes. Thus, five different samples were obtained: F1-untreated fiber, F2-fiber modified by extrusion, F3-fiber modified by extrusion and then washed, F4-fiber modified by AHP and F5-fiber modified by AHP and then washed. All assays were performed in duplicate.
Physical properties of the fibers
The luminosity (L*) of the samples was measured with a Minolta CR-10 portable colorimeter (Sino Devices, Georgia, United States) using CIE illuminant D65 (natural daylight) placed at an angle of 8/d and a 10th CIE standard observer with an 8 mm diameter reading area. The fiber samples were placed in a plastic container (1 cm in height and 4 cm in diameter). The water absorption index (WAI) and the swollen volume (SV) were determined using the methods described by Seibel and Beleia [30] . The WAI was obtained by the ratio between the weight of the wet sample and the initial dry weight and the volume of the wet sample was considered SV. The analysis were performed in triplicate.
Scanning electron microscopy
The fibers were analyzed for their microstructure by scanning electron microscopy (SEM) using an electron microscope (FEI Quanta 200, North Carolina, United States). Before the analysis, the samples were pre-dried at 60 °C for 24 hours and left in a desiccator with silica for 24 hours. The dried samples were then coated with a 15 to 20 nm layer of gold using a Sputter Coater BAL-TEC SCD 050 (Baltec, Balzers, Liechtenstein) prior to analysis.
Fourier transform infrared (FTIR) spectroscopy
Only for this analysis, the samples were washed with large amount of distilled water, aiming to facilitate the detection of modifications promoted by the treatments. Therefore, only the samples F1, F2 and F4 were analysed. After washing, the samples were dried in an oven at 60 °C for 24 hours and maintained in a desiccator with silica for 24 hours. The FTIR spectra were obtained with a spectrophotometer (FT-IR/NIR Spectrmeter Spectrum Frontier, São Paulo, Brazil). The analyses were performed in the mid-infrared, covering wave numbers from 4000 to 400 cm -1 , with 2 cm -1 resolution. A total of 32 scans were performed on each sample.
Thermogravimetric analysis (TGA)
Samples of approximately 13.5 mg were used and subjected to the following analysis conditions: temperature range of 30 °C-800 °C, heating rate of 20 °C/min and nitrogen atmosphere. The equipment used was a TGA 4000 (Waltham, Massachusetts, USA).
Statistical analysis
Statistical evaluation was performed by analysis of variance (ANOVA). Means were compared by the Tukey test at a 5% significance level.
Results and Discussions
It is important to note that, while other studies characterized modified fibers that had been thoroughly washed, in the present work the samples were unwashed or were washed with only 10 volumes of water, aiming to take advantage of no waste production.
Physical properties of fiber hulls
The physical measurements of color (luminosity), water absorption indices (WAI) and swelling volumes (SV) of the oat hull samples are shown in Table 1 . Regarding the luminosity, it was observed that the treatment of the husks (fiber) only by extrusion (F2) caused darkening (decreased L*), which could be related to the high temperature used in the process, which would induce caramelization and Maillard reactions [31] . When these extruded fibers were washed (F3), no whitening effect was observed, indicating that the formed compounds responsible for the darkening were insoluble. Furthermore, when the fibers were treated with AHP (F4), discoloration was noticed (increase in brightness) compared with F2 and F3, due to the oxidation of the pigments that impart dark color to the natural fibers. Thus, the darkening effect of extrusion was compensate by the bleaching effect of AHP treatment. After chemical treatment and subsequent washing (F5), the fibers showed an even greater increase in brightness, indicating that, in addition to the oxidation of the pigments, the hydrolysis of the pigments and/or of lignin also occurred forming soluble compounds that were removed in the wash. Similar effects were observed by other researchers [28, 32] . It is well stablished the water absorption process of the lignocellulosic fibers shows two phases, requiring long times for the fully hydration. However, the first phase (corresponding to the Fick law diffusion) has a high absorption coefficient and is completed in 10 -15 min. The water intake in this phase results from a capillary action (due to the porous structure) and this will be the phase directly impacted by any modification in the fiber promoted by the treatments. Thus, the WAI was determined by a methodology widely used by several researchers, in which the immersion time of fiber in water is 30 min aiming to identify the occurrence of modification, even though the fiber was not fully hydrated.
Only the oat fiber modified by AHP (F4) behaved differently from the untreated fiber (F1) in terms of water absorption (Table 1) , indicating this treatment modified the fibers structure. A comparison of the smallest value (observed in the untreated fiber) with the highest value (observed in the fiber treated with peroxide) showed that the water uptake increased 36.12% after treatment. This can be attributed to the increased exposure of hydroxyls in the cellulose after the hydrolysis of some of the lignin fractions by chemical treatment with AHP. Gould, Jasberg and Cote [33] also observed increased water uptake in wheat straw treated with AHP. The effect of the possible removal of hemicelluloses [34] from the fiber structure should also be considered. Their removal exposes macromolecules of cellulose, causing large voids that would facilitate the water entry [35] . Thus, the increase of WAI in F4 must also have resulted from the retention of water in the interstitial spaces of the cell wall, which were more accessible after chemical treatment.
The same factors that increased the WAI could have contributed to the higher swelling of the fibers, but this was not observed (Table 1) . Statistically, there were no differences in the swollen volume values. This could be due to the saturation of the cell wall of the fiber with water, which would decrease the flexibility of the wet fiber and limit the differences among the samples [36] . The observed result is interesting for the application of the modified fibers in composites, in which changes in the volume of fibers motivated by water intake are undesirable.
Morphologic characterization (SEM)
The images of untreated (F1) extruded (F2) and treated by AHP (F4) fibers are shown in Figure 1 . The partially washed samples (F3 and F5) are not displayed because their similarity with the corresponding unwashed (F2 and F4, respectively). Analyzing the morphology of the untreated fiber (F1), beams oriented in the longitudinal direction that were covered with a layer of material forming a smooth surface are observed, which might be a consequence of the presence of wax and other non-cellulosic materials (hemicelluloses, lignin and pectin), forming a compact structure. This surface layer is damaged in several regions, perhaps due to the milling of the oat hulls by the physically intensive micronization process. In F2, a more rugged surface was observed compared with F1. Due to the shear forces and high temperature and pressure during extrusion coupled with the additional grinding process, more cracks were opened, making the structure more porous. An increased damage of the structure was observed in the fibers modified with AHP (F4), which displayed an increase in the number of fiber bundles and deep valleys compared with the untreated fibers (F1). Thus, it can be observed that the chemical modification increases the exposure of the surface, increasing the area of holes and valleys present throughout the rough fiber surface. This effect can be ascribed to the action of AHP coupled with the physical action of the extrusion process. Campos et al. [17] , Brígida et al. [19] , and Teodoro et al. [37] also reported the efficient removal of waste wax and fatty acids from the surfaces of fibers after treatment with hydrogen peroxide in sisal and coconut fibers.
The modifications promoted in the fiber morphology by AHP treatment can explain the higher WAI of the treated sample (Table 1) .
FTIR
The FT-IR spectra of samples are presented in Figure 2 . The bands between 1739 cm -1 and 1022 cm -1 are enlarged (right figure) for better visualization of the region of interest concerning the changes occurring in the fibers.
The characteristic bands of the fibers correspond to the absorption bands of lignin, hemicellulose and cellulose. The absorption bands observed in these components are: -OH (3500-3200 cm ) [38] . The band at 3455 cm -1 is attributed to OH stretching vibrations related to the ring (CH-OH) and side chain (-CH 2 -OH) of cellulose. At 2920 cm -1 are the trademark stretching vibrations of CH 2 .
At 1739 cm -1 , it is possible to observe a shoulder in the sample from the untreated fiber (F1), which can be assigned to the C=O group of hemicellulose and/or the ester bonds of the carboxyl groups present in hemicellulose and lignin. An increase in this shoulder was observed after reaction with AHP (F4) when compared to the untreated fiber (F1), which could indicate slight changes in hemicellulose and lignin due to AHP. According to Liu et al. [39] , the carbonyl number (C=O) initially present in the fiber can be increased by oxidation reactions or decreased by cyclization reactions, both of which are promoted by hydrogen peroxide.
The bands at 1640 cm -1 to 1424 cm -1 originate from carboxyl-conjugated carbonyl stretches, and these are generally increased after significant oxidation by hydrogen peroxide [40] . These bands are similar for samples F2 and F4, indicating that extrusion, similar to AHP, promoted changes in these chemical groups. The bands at 1380 cm -1 represent the symmetric and asymmetric deformation of the C-H bond of cellulose and hemicellulose, which are most representative in the modified fibers (F2 and F4) relative to the untreated fiber (F1), highlighting the loss of lignin and indicating greater exposure of cellulose [19, 40] . The bands at 1249 cm -1 and 1155 cm -1 represent the relative axial vibration of C-O groups. An increase in this band was observed in the F4 sample, which could be due to an increase in carboxylic acids and a decrease in the content of phenolic hydroxyl groups as a result of changes caused by AHP on lignin [40, 41] .
Thermogravimetric analysis (TGA)
The thermal characterization of oat hulls that were untreated (F1), treated by extrusion (F2) and treated with alkaline hydrogen peroxide (F4) through TGA appears in Figure 3 . The washed samples (F3 and F5) are not presented because there were not differences when compared with the correspondent non-washed (F2 and F4, respectively). For all samples, an initial and small loss peak can be observed at the temperature of 83 °C due to the loss of water remaining in the material after the drying process. The second mass loss occurred at temperatures of 316 °C, 313 °C and 322 °C for the F2, F1 and F4 samples, respectively, corresponding to the degradation of hemicelluloses and pectin [42] . The weight losses at temperatures of 354 °C, 368 °C and 370 °C (samples F4, F1 and F2, respectively) correspond to the decomposition of cellulose and lignin [43, 44] .
Comparing the thermograms of the untreated oat hulls (F1) with those of the physically and chemically treated hulls (F2 and F4, respectively), it can be observed that the extrusion process did not affect the stability of the fibers, as the temperatures of the different degradation fractions were similar in samples F1 and F2. The curves of F4 showed a slight increase in the thermal stability of the hemicelluloses and pectins (peak temperature of 322 °C compared to 316 °C for the untreated hulls) and a small decrease in the temperature of degradation of cellulose and lignin (from 368 °C in the untreated oat hulls to 354 °C in the hulls treated with AHP). These lower differences indicated the physical and chemical treatments used were not enough to promote noticeable effects in the thermal stability of fiber components. Brígida et al. [ 19] observed a slight increase in the thermal stability of all fractions of green coconut fiber after traditional treatment with H 2 O 2 .
Conclusions
Reactive extrusion can be an alternative and effective method to modify fibers and exhibits multiple advantages compared to conventional methods, including a lower processing time and the absence of effluents. These advantages can overcome the additional cost of eventually required wear resistant corrosion screw and barrel for the processing.
The extrusion process combined with hydrogen peroxide was shown to be a viable method for modifying the fiber of oat hulls, promoting bleaching, removing surface compounds and altering physical and chemical properties. FTIR revealed differences between the modified and unmodified structures, proving the efficiency of the reactive extrusion. TGA analysis showed the AHP process has no noticeable effect on the thermal stability of oat fiber. The modified fibers, which possess differentiated properties, may be considered for several applications in paper, textile and plastic industries.
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